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ABSTRACT 

Mgn absorbers induce reddening on background quasars. We measure this effect and infer the 
cosmic density of dust residing in these systems to be Q. « 2 x 10~ 6 , in units of the critical density 
of the universe, which is comparable to the amount of dust found in galactic disks or about half 
the amount inferred to exist outside galaxies. We also estimate the neutral hydrogen abundance in 
Mgll clouds to be f2 w 1.5 x 10~ 4 , which is approximately 5% of hydrogen in stars in galaxies. This 
implies a dust-to-gas mass ratio for Mgll clouds of about 1/100, which is similar to the value for 
normal galaxies. This would support the hypothesis of the outflow origin of Mg n clouds, which are 
intrinsically devoid of stars and hence have no sources of dust. Considerations of the dust abundance 
imply that the presence of Mg n absorbers around galaxies lasts effectively for a few Gyr. High redshift 
absorbers allow us to measure the rest- frame extinction curve to 900 A, at which the absorption by 
the Lyman edge dominates over scattering by dust in the extinction opacity. 

Subject headings: dust - extinction - galaxies: halos - quasars: absorption line 



1. INTRODUCTION 

A significant amount of gas processed by stars may 
be ejected into interstellar space via stellar winds 
and supernova explosions. About 30% of the metals 
in enriched gas would cond ense to form dust grains 
(Wcingartner & Draine 2001). The total amount of dust 
in the Universe that is produced in stellar evolution in 
the entire cosmic time was estimated from integrated 
star formation rate by IFukugital (|2011l ) to be fidust — 
1 x 10~ 5 , in units of the present-day critical mass den- 
sity. This value is a few times high er than the amount 
of dust observed in gal actic disks ([Fukugita fe Peebles! 
120041: iDriver et al.ll2007j) . which motivated us to explore 
the fate of the remaining amount. 

Evidence for the existence of dust beyond galactic disks 
has observationally been suggested by a few authors. 
From the study of a lo w-redshift foregr o und /b ackground 
galaxy superposition iHolwerda et al.l ([2009) detected 
dust extinction up to about five times the optical ex- 
tent of spiral galaxies. Using deep Herschel observations 
of M82, iRoussel et all (|2010h showed that emission from 
cold dust can be traced up to 20 kpc from the centre 
of the galaxy. Recently, iMenard et a l. (2010, hereafter 
MSFR) measured the cross-correlation between the col- 
ors of distant quasars and foreground galaxies as a func- 
tion of the angular separation to galaxies, and concluded 
an excess reddening signal on scales ranging from 20 kpc 
to a few Mpc, implying the existence of a appreciable 
amount of dus t in intergalactic space. Using this obser- 
vational result . IFukugital (|2011l ) showed that the summed 
contributions of dust in and outside galaxies appear to 
be in agreement with the total amount of dust ought to 
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be produced in the Universe. This implies that dust de- 
struction does not play a major role in the global dust 
distribution and that most of the intergalactic dust sur- 
vives over the cosmic time. 

In this paper we pursue another line of observations 
and show that a significant amount of dust resides in 
galactic halos and possibly beyond: we use Mgll ab- 
sorbers to find dust contained therein. Mgll is the 
most commonly detected absorption line from cool gas 
(T ~ 10 4 K) at z < 2 in the optical spectra of 
distant sources. Strong Mgll absorbers, convention- 
ally defined with a rest equivalent width Wq 2796 > 
0.3 A, are associated with a range of galaxies with L > 
0.1 L* dBereeron fe Bo"issll99lUSteidel fe Sargentlll992l ; 
iSteidel. Dickinson, fe Perssonl 119941 : iNestor et al.l l2007t ) 
and are found at impact parameters rang i ng up to 100 
kpc (ISteidel. Dickinson fc Perssonl 119941 ISteidel et all 
Il997t iZibetti et al.l 12007ft . While the physical mecha- 
nisms for the origin of these gas clouds are yet to be un- 
derstood, most Mg II absorbers seem to reside in galactic 
haloes. 

The use of absorbers offers an attractive property: the 
knowledge of the absorber incidence dN / dz allows us to 
infer the cosmic mass density of dust contained in these 
systems without further assumptions on their spatial dis- 
tribution. Mgll absorbers can hence be used to obtain 
a robust lower limit on the amount of baryons and dust 
residing outside galactic disks up to the halo radius, over 
the redshift range 0.5 < z < 2. In general, it is widely 
believed that Mg II absorbers do not host star forming re- 
gions and hence no source of dust grains. The presence 
of dust in these clouds would serve as an indicator to 
distinguish whether Mgll absorbers predominantly are 
aggregates of pristine gas or are of secondary products 
from activities of nearby galaxies. Characterizing and 
understanding its distribution is therefore an important 
task. The use of absorbers also allows us to infer the neu- 
tral hydrogen abundance in Mgll clouds. These pieces 
of information concerning the ingredients of the clouds 
would lead us to infer properties of Mgll absorbers, and 
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then the nature and the formation of these systems. At 
the same time this study enables us to explore the feature 
of the extinction curve to the short wavelength due to the 
high redshift nature of clouds, even to beyond the Lyman 
limit, using optical and UV data currently available. 

Our basic data are taken from the SDSS (York et 
al. 2001) but are supplemented with UV photometry 
of the Galaxy Evolution Explorer (GALEX; Martin ct 
al. 2005). We use H = 70 km s^Mpc" 1 and Q M = 0.3 
in a flat Universe. 

2. EXPECTED OPTICAL AND UV ABSORPTION BY Mgn 
ABSORBERS 

Metal-enriched gas causes extinction of light from UV 
to near infrared passing through intergalactic matter due 
to absorption and scattering by dust grains. In the far 
UV region we also anticipate that ionisation and excita- 
tion of hydrogen atoms lead to an attenuation of light. 
This is usually not addressed in the context of dust ex- 
tinction observed in optical wavelengths. In a similar 
manner excitation of heavy elements may also contribute 
to the extinction opacity. 

We write the optical depth for extinction as 



r(A) = N\ 



HI 



+ £>d,i(A) Si + (M/H)a M {\) 



(1) 

where cxh(A) is the hydrogen cross section, er<j,j is the 
dust extinction cross-section per hydrogen atom for a 
given population of dust grains denoted by i, Si = 
(Av/Nn)/(Av/Nn)i accounts for variations in the dust- 
to-gas ratio, ctm is the metal excitation cross section^ 
and M/H is the metallicity in the ratio of numbers of 
atoms. 

Figure Q] indicates the cross-sections as a function of 
wavelength from the UV to the optical regime in (a), 
and the representative transmission for a cloud with 
hydrogen column density Njj = 10 195 cm 2 in (b) and 
(c). Dust mode ls for the Milky Way and t he SMC 
are adopted from iWeingartner fc Draind (pOOllfl These 
models, consisting of mixture of carbonaceous grains and 
astronomical silicate grains, reproduce the observed ex- 
tinction curves from the ultraviolet to the near infrared 
in the Milky Way and Magellanic Clouds. They are nor- 
malized such that (Av/Nh)mw — 5.3 x 10~ 22 cm 2 and 
(Av/A r H )sMC = 6.2 x 10~ 23 cm 2 , respectively, where Ay 
stands for extinction in the V band. The hydrogen cross- 
section is shown for gas at a temperature T = 10 4 K, 
but other choices do not modify the resonant feature 
qualitatively. There are humps at A ~ 0.217 /im and 
0.072 /xm in the dust extinction curve caused by carbona- 
ceous grains, though they are squeezed to a barely rec- 
ognizable level in the top panel of the figure due to the 
broad logarithmic scale. 

The transmission T = 1— e _r shown in the lower panels 
of Figure [T] assumes the neutral hydrogen column density 
Njjx = 10 195 cm~ 2 , which corresponds roughly to the 
median column density of Mgn absorbers with Wq = 

6 We neglect the effect of line saturation at this stage. 

7 Data for these models are taken f rom 

http: / /www. astro, princeton.edu/ ~draine/dust/dustmix.html 

* We thank Jens Chluba for providing us with estimates of the 
hydrogen cross-section. 
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Fig. 1. — Top: absorption cross-section of hydrogen atoms 
(in black) and extinction cross section of dust grains of SMC 
t ype (in orange) and Milky way type (in red), estimated by 
Wcingartner & Drainc (2001). Middle: the black curve shows the 
transmission through neutral hydrogen for Nm = 10 19 5 cm~ 2 and 
T = 10 4 K. The blue curve shows a composite metal absorption 
spectrum for Mg II absorbers. Bottom: transmission through Milky 
Way type and SMC type gas with the corresponding dust-to-gas 
ratios. 



1 A (jMenard fc Chelouchell2009D . Equation Q] shows that 
we can obtain, in principle, information on Si and TVhi 
from the brightness of a source located behind such a 
cloud. The figure shows that atomic excitation not only 
at the Lyman edge but also in the Lyman region is a 
source of optical depth. A cloud of this hydrogen column 
density is completely opaque at wavelengths shorter than 
the Lyman limit, A ~ 911.75 A. At longer wavelengths 
the optical depth is t < 0.1, which is dominated by dust 
extinction. A drop at 2 175 A is seen in the transmission 
through Milky Way type dust. 

We show an example of extinction for observations 
conducted with broad band filters in Figure O The 
upper panel shows the attenuation of the flux induced 
by SMC-type dusty gas of hydrogen column density 
A H i = 10 19 - 5 cm~ 2 , as a function of redshift for the SDSS 
[u,g,r,i,z) and GALEX (NUV, FUV) passbands. Indi- 
vidual contributions are shown in the lower panels: (b) 
hydrogen, (c) metal lines, and (d) dust grains. The seven 
passbands are denoted by different colours, as specified 
in the legend of the figure. Lyman-edge absorption dom- 
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Fig. 2. — Flux attenuation induced by intervening dusty gas with 
TVhi = 10 19 ' 5 cm " 2 as a function of redshift, u sing the SMC type 
dust model from Weingartncr & Drainc (2001). Breakdown into 
hydrogen, metal excitation and dust is shown in the three lower 
panels. Seven colour pass bands are shown with different colours 
indicated in the legend. 

inates in the FUV, NUV and u bands above redshifts 0.5, 
1 and 2.5, respectively, as seen when one compares (a) 
and (b). 

We include atomic excitations from metal lines using a 
composite absorption spectrum for Mg II clouds. The 
total contribution to the absorption opacity, which is 
dominated by Mgn, Fen and Civ lines, can be com- 
parable to that of Lyman-a. The 0.01 mag hump seen 
in the u band at z = 1.7 — 2.3 is due to Lyman line ab- 
sorption and the feature at z ~ 0.3 is due to absorption 

9 We thank Guangtun Zhu for his help in creating the metal-line 
composite spectrum. 



by metals lines. The Lyman absorption is also seen in 
the FUV and NUV passbands, although the feature is 
somewhat weakened in NUV due to its larger width of 
the bandpass (AA ~ 2000 A). At z > 2.0 we see that Ly- 
man edge absorption becomes stronger in the NUV than 
the FUV band. This causes a blueing effect in these 
bands. Similarly, this is expected for the NUV— u color 
at z > 3.5. 

Absorption due to metal excitation is also visible in 
the curves for g, r, i, z passbands. We see that metal ex- 
citation increases the extinction opacity from dust alone 
by as much as 5 times in the relevant wavelength range 
in all optical passbands. With the inclusion of metal ex- 
citation opacity the extinction curve is not always mono- 
tonic, and the colour indices receive occasionally blueing 
for some wavelength ranges rather than reddening, with 
an amplitude of the order 0.01 magnitude. 

Choosing Milky Way type dust in our demonstration 
would increase the contribution from dust opacity by the 
relative (Ay/N^) ratio, i.e. by roughly a factor 8. Here, 
our choice of the SMC type dust is motivated from the 
fact that it fits the extinction spectrum of Mg II absorbers 
better, especially at short wavelengths A < 2000 A, that 
is important to ou r consideration, a nd for the absence of 
the A2175 feature ([York et al J 12006ft . When interpreting 
observations we leave, however, the dust-to-gas ratio as 
a free parameter, rather than fix it to the actual SMC 
value. This ratio is constrained from both shape of the 
extinction curve, for extinction is caused by both Lyman 
edge absorption and dust scattering, and amount of dust 
and HI gas associated with Mgn absorbers. 

Previous analyses based on optical data have con- 
strained the amount of dust in intervening Mgn 
absorbers by statistically measurin g color changes 
they induce on background sources dYork et all [2006; 
IMenard et aTll2008l ; IBudzvnski fc HewettJl2011ft . Here we 
extend to the UV, which enables us to obtain informa- 
tion also on the amount of neutral hydrogen associated 
with Mgn absorbers. 

3. ANALYSIS FOR Mgn ABSORBERS 
3.1. Data 

The SDSS (York et al. 2001) provides us with the 
basic data set for the present analysis. iNestor et al.l 
(2005) constructed a cata logue of MgH absorbe rs us- 
ing its EDR data base (|Stoughton et all 12002ft , and 
IQuider et all (12011ft extended i t to the DR4 d ataset 
( Adelman-McCarthv et all [2006ft . IQuider et all ([20il 
analyzed about 45,000 quasa r spectra and iden tified 
about 17,000 Mgn absorbers. INestor et all (|2005ft esti- 
mated that the redshift path covered by the survey drops 
to about 50% for absorbers with the rest-system equiva- 
lent width Wo < 0.8A. While completeness is not an im- 
portant issue in our analysis, we restrict our study to the 
sample of absorbers with Wo > 0.8A. We do not include 
absorption lines located close to the edges of the spec- 
tra and restrict the Mgn absorber redshift distribution 
to 0.4 < z < 2.1. It is known from studies of absorber- 
galaxy pairs (e.g., Steidel et al. 1994) that MgH absorber 
is unlikely to be a part of galactic disks, but are placed 
substantially away from galaxies. 

About 70% of the SDSS quasars are observed by 
GALEX (Martin et al. 2005). Budavari et al. (2009) 
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Fig. 4. — Median reddening curve A\ — Ai for Mgn absorbers at 
z ~ 1 and 2 (solid circles). Reddening is evaluated at the median 
wavelengths of the 5 niters shorter than the r band. The dashed 
curve is the dust extinction curve of [Wcingartncr & Drains' 120011 ) 
for SMC, and dotted is absorption by hydrogen. The two curves 
are added to give the total extinction curves shown by thick solid 



curves. The curves assume TVjji 
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2 with the dust-to- 



gas ratio 1/100. The hydrogen absorption is evaluated for Nm 
10 18 cm- 2 . 



Fig. 3. — Reddening induced by the presence of Mgll absorbers 
with Wo > 0.8 A, as a function of redshift for FUV— i, NUV-i, 
u — i, g — i, r — i and i — z colours in our quasar sample. The 
solid lines are reddening expected for clouds with SMC type dust 
having Afjji = 10 19 ' 8 cm -2 but scaled to the dust-to-hydrogen ratio 
of 1/100 consistent with our determinations given later. Dashed 
curves are expectation for JVjji = 10 18 cm -2 clouds. 

cross-matched the SDSS-DR7 catalog with the GALEX- 
GR4/5 taking a matching radius of 4". Using this cross- 
identification, we can find 11,929 Mgn absorption sys- 
tems satisfying our rest equivalent width and redshift 
selections and for which UV observations of the back- 
ground quasars are available. This constitutes the prime 
sample of our analysis. 

3.2. Dust extinction 

To detect dust in Mg II absorbers we measure redden- 
ing in broad band brightness correlated with the presence 
of absorption systems in quasar spectra. For each quasar 
with a detected Mgn absorber we select four nearest 
neighbour quasars in redshift-g-band magnitude space 
and take them to be reference quasars. The high den- 
sity of points in this space allows us to find reference 
quasars within a brightness difference typically smaller 
than 0.1 mag in the g-band. We then compute a median 
colour excess and estimate its error by bootstrapping the 
absorber sample. 

Figure [3] shows the reddening due to all Mgn absorbers 
with Wq > 0.8 A as a function of redshift. For six colours, 
FUV— i, NUV— i, u—i, g—i, r—i and i—z, the solid curves 
show the expected reddening including hydrogen absorp- 
tion for log Nni = 19.8 with SMC-type dust but with a 



dust abundance lowered by a factor 6, corresponding to a 
dust-to-gas mass ratio of about 1/108 Our reddening es- 
timation also includes absorption from metal lines. The 
overall agreement is good: the deviations from the the- 
ory curve are of the order of a few percent except for 
some specific case, which we discuss below. This indi- 
cates that the hydrogen column density and dust to gas 
ratio we used here are roughly correct without further 
adjustment. We note that attenuation in r — i is a very 
small quantity, with an amplitude smaller than 0.01 mag. 
Interestingly, the broad-band photometric data indicates 
the presence of absorption lines, as shown by the bumps 
at z ~ 1.2 and z ~ 1.7 for the r — i and i — z colours. The 
small offsets (of order 0.005 magnitude) between observa- 
tions and the modelled colours might be due to variations 
in the metal lines as a function of redshift. 

We note that if we would take the MW type dust, in- 
stead of the SMC type dust, we cannot reproduce colour 
excess shown in Figure 3, notably in the u — i for z > 0.6 
and g — i for z > 1.5. This is consistent with what has 
been found in York et al. (2006), and compel us to adopt 
the SMC type extinction for Mg 11 absorbers. 

In the FUV quasars behind a hydrogen column density 
with log Nh > 18 are usually not detectable by GALEX. 
The colour excess can only be measured for lower column 
density absorbers. We also show in figure Unexpected red- 
dening for both absorbers with a column density some- 
what above the Lyman limit: log Njj = 18.0, as dashed 
lines. The overall shape of the extinction shows that this 
selection effect is well reproduced. 

Figure[4]presents the extinction curve derived from our 
Mgn sample (data points) at two redshifts, compared 
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Fig. 5. — Observed reddening of Mgn absorbers as a function of 
redshift for different bins of rest equivalent widths. From purple 
to yellow, we select absorber samples with increasing Wo from 0.8 
to 5.5 A. 



with the one (thick solid curve) expected from a sum 
of the dust extinction curve (dashed curve) taken from 
Weingartner & Drainc (2001) and hydrogen Lyman edge 
excitation (dotted curve). The curve assumes SMC type 
dust for hydrogen column density N-r = 10 19 8 cm -2 with 
the dust-to-gas ratio 1/108. For the hydrogen excitation 
the hydrogen column density is assumed to be 10 18 cm~ 2 , 
consistent with FigureEl avoiding the transmission being 
completely opaque. They are close to the case observed 
for our sample, as seen above. The figure shows that 
the SMC extinction curve gives observed extinction with 
Mgll absorbers correctly for A > 0.12 pan: extinction 
at shorter wavelengths is properly given by Lyman edge 
absorption. 

Let us focus on dust extinction. The above figure shows 
that over the redshift range 0.4 < z < 2.4 extinction in 
the FUV, NUV and u band is sensitive to hydrogen ab- 
sorption. In order to probe the effect of dust reddening 
we consider the g — i colour. Redder colours are more af- 
fected by metal line absorption. We measure the median 
colour excess E g -i as a function of the absorber redshift 
with the sample divided into rest equivalent width bins, 
with the results shown in Figure [5] The global variation 
can be fit with 



E g _ i (W ,z) = E g ^ -f ( 1 + z ) 



Wo 

lA 



(2) 



where J5 9 _ i)0 = 0.017 ±0.003 



a = 1.6±0.1, P = -0.01 ± 
0.22 and the reduced x 2 of 0.6. We use this reddening 
measurement to infer the cosmic density of dust in Mg II 
absorbers. Since Nm oc Wq (see equation (fTijj) below), 



this result is consistent, if marginally, with E g -i oc JVhi, 
an expected result, when we take the fact that the Nm ■ 
Wo relation has a large scatter into account. 



This may be taken to be a lower limit on reddening in- 
duced by Mg II absorber systems taking into account the 
possibility that some highly obscured quasars might be 
dropped out of the sample. Budzynski & Hewett (2011) 
estimated from SDSS quasar spectra that about 20% of 
Wo > lA Mgll absorbers are missed due to large obscu- 
ration. 

4. THE MASS DENSITY OF DUST 
BORNE BY Mgn CLOUDS 

The comoving density of a population can be written 

_ dN 1 

71 ~ dX a 



(3) 



where a is the cross section of the system, dN/ dX is the 
number intersected in the interval X — X + dX , and the 
absorbing distance X{z) is given by 



AX 



c(l + zf 
H(z) 



(4) 



with H(z) being the Hubble constant at redshift z. The 
comoving number density of the population is then 



diV 



1 



1 



(5) 



dz dX/dz a 

A similar relation is derived for the cosmic mass density. 
We can write the mass density of dust in Mg II absorbers 
as 

-Ms n ( z ) _ ( S dust(z) 
\ dz / MrII dX/dz ' 



Pdu 



(6) 



where Sdust is the surface dust- mass density of Mg II ab- 
sorbers. In units of the present-day critical density p cr it, 



p5ff(*) , 

Pcrit 



(7) 



We note that this estimate of O^JS 1 does not require the 
knowledge of the spatial distribution of Mg II absorbers 
around galaxies, so that we obtain a lower limit on fWst 
without further knowledge on the distribution of clouds. 

The amount of extinction is related to the surface den- 
sity of dust as, 

In 10 A v 

iidust - (°) 

2.0 iv oxt ,y 

where -fT G xt,v is the extinction-to-dust-mass coefficient 
evaluated at the V band wavelength, 



K, 



ext,V 



(9) 



with p being the mass density of each species, a ex t,v 
the extinction cross section of dust in the V band per 
hydrogen atom, fi the mean molecular weight of gas, and 
mu the hydrogen mass. The val ue of K P1!t .v is given in 
a tabu lated form for the model of iWeingartner fc Draind 
(2001) at the electronic address quoted above. For SMC 
type dust we obtain 

K c ^v - 1-54 x 10 4 cm 2 g- 1 . (10) 

We note that Milky Way type dust leads to a dust mass 
larger by a factor of 1.8 at given extinction in the ]/-band. 
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Fig. 6. — Relative importance of the contribution from Mgn 
clouds as a function of their rest equivalent widths to the integral 
of dust reddening (dashed line) and total neutral hydrogen amount 
(solid line). The vertical line is at Wo ~ 0.8 A, the lower cutoff of 
our integral. 

The cosmic mass density of dust in Mg n absorbers is 
In 10 f „„ d 2 N 



Mgll 



P ^' (Z)= 2.5K ast , v dX/dz J dW °d^W EB - viW °' Z) 

(11) 

where the inciden ce of Mgll absorbers is given by 
iNestor et al.l (|2005() from SDSS quasar spectra, 



d 2 N N* 
— - — evW/W*) 



(12) 



with N* = 1.001 ± 0.132(1 + z )(0-226±o.i70) and w * = 
0.443 ± 0.032 (i + z )0.634±o.o97 A _ 

The integrand of Eq [IT] is shown by the solid line 
in Figure [B] It shows that absorber systems with 
Wq < 0.8 A, if included, would contribute by 20% to the 
mass density of dust. The integral above Wq > 5 A is 
about 1%. The contribution from obscured quasars may 
also increase the dust amount by 20% if we take literally 
the effect estimated by Budzynski & Hewett (2011). 

Using Equation [11] and the measured reddening shown 
in figure [5] we estimate the comic density of dust carried 
by Mgll absorbers as a function of redshift. The results 
are shown in FigureO] We find f^" ~ 1 -2 x 10~ 6 and 
an indication for a slight increase from z « 2 to 0.5. We 
also estimate ^aS{z) using Equation [11] together with 
the best fit parameters for Eq. [5] The result is shown 
with the dashed curve. It indicates that fij^. 1 <x (l + z ) 7 
with 7 ~ — 1. 

We quote as a representative value at a low redshift 
(z«0.5), 



MgII 
1 'dust 



2.3 ±0.2 x 10" 



(13) 



As mentioned above, this provides us with a lower limit 
on ffe s ° as our analysis does not include contributions 
from lines of sight that (i) produce weak or no Mgll 



absorption, and that (ii) intercept high column density 
clouds with the amount of dust that obscures the back- 
ground source. We saw that dust missed for the former 
reason would increase the amount by approximately 20%. 

Figure [7] includes estimates of the amount of dust in 
the literature. MSFR give the abundance of dust within 
the virial radius of representa t ive ga laxies at z rs 0.34 
~ 2.1 x 10~ 6 ). iFukugital (gfllj estimated the dust 
mass density within the virial radius integrating over all 
galaxies assuming a typical luminosity function and that 
the dust amount produced is proportional to luminos- 
ity, 2.6 x 10 -6 at the median redshift of the sample they 
used, and also extended it to include the component out- 
side the virial radius, which is indicated by MSFR. The 
latter gives ~ 5 x 10 -6 , showing that the total 

abundance of dust is consistent with the amount ought 
to be produced in star forming activity in cosmic time, 
when added to dust in disks « 3 - 4 x 10" 6 . It is 

noteworthy that the dust amount in Mg n clouds is close 
to that within the virial radius of galaxies, suggesting 
that dust is predominantly held in Mgll clouds within 
the virial radius. This is approximately 1/2 the total 
amount of dust expected to be spread outside galaxies. 
We note that the calculation of both fijjj^ and fi du ^J. 
adopts SMC type dust and the same reddening-to-dust 
mass ratio. 

The estimate of Fukugita & Peebles (2004) refers to 
dust residing in disks of local galaxies, and Driver et 
al. (2007) estimate the dust abundance in disc galaxies 
at z w 0, both indicated in the figure for comparison. 
This shows that the amount of dust in Mgll absorbers 
is similar to that remaining in galactic discs: much is 
blown out of galaxies. 

5. THE HYDROGEN MASS DENSITY IN Mgo ABSORBERS 

The same formalism also applies to estimate the mass 
density of neutral hydrogen associated with Mgll ab- 
sorbers (Lanzetta et al.|[l995f). We have 



Mgll/ \ 

Phi ( z ) 



dN\ N m m H 
d z ) Mg u dX/dz 



(14) 



The neutral hydrogen column density of Mg II absorber s 
has been studied by iRao. Turnshek. fc Nestorl {2006), 
who compiled about 200 Lyman-a measurements of Mg II 
absorb ers. Using this sample, iMenard fc Chelouchd 
( 2009) showed that the median Njji of Mg n absorbers 
is described by 



jVhi(Wo) = (2.45 ±0.38) x 10 
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Wo 

A 



2.08±0.24 



(15) 



MgII 
"HI 



Using this relation^ and Equations [12] & [JJ] we find 

(1.5 ±0.3) x 10~ 4 (16) 

for the total sample which has median redshift z » 1 E3- 
The HI abundance in Mg n clouds may slightly decrease 

10 We remark that this gives a column density of Wo < 2 
A clouds b elow the empirica l threshold of star formation in galaxies 
derived by IKennicutt] itT998T) . 

11 After the comp l etion of this work we became aware that 
Kacprzak & Churchill (2011) derived a similar (and consistent) es- 
timate of Qm traced by Mgll absorbers. 
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Fig. 7. — Cosmic mass density of dust contained in Mgll absorbers (green diamonds) compared with various other estimates of the dust 
density, contained in galactic disks (Fukugita & Peebles 2004; Driver et al. 2007), in virial radii of galactic haloes (Menard et al.), in 
intergalactic space beyond virial radii, and the total amount produced in cosmic history (Fukugita 2011). The dashed curve refers to the 
estimate from a global fit using a parametrised form for the redshift dependence for the entire sample (see text). 



towards low redshift, but the change is within the error. 
We thus compute the global dust-to- HI ratio for Mgll 
absorbers, 



n 



Mgll 
dust 



1 



n MgII 
"HI 



51 ± 15 



(17) 



Including the mass contribution from Helium and heav- 
ier elements, it gives a dust-to-gas mass ratio of about 
1/(70 ± 20), which is consistent with the standard value 
for normal galaxies including the Milky Way. 

Let us compare the amount of neutral hydrogen con- 
tained in Mgll absorbers to the cosmic density. The 
HIPASS HI survey with 1000 galaxies (Zwaan et al. 
2003) gives 



qHIPASS 

"hi 



(4.2 ±0.7) x 10" 



(18) 



from the integration of the HI mass function assuming 
the Schechter form. The objects with M (HI) > 10 7 M Q 
are all identified with optical galaxies at least in high lati- 
tude fields where one can avoid confusions. This suggests 
that a smooth interpolation of HI objects is also likely 
to consist of the small galaxy population, rather than 
another population such as Mg II clouds around galaxies, 
although the possibility is not excluded that it includes 
contributions from Mgll cloudsQ Fukugita & Peebles 
have estimated that, at the present epoch, the total cos- 
mic density of HI amounts to 



Qtot 

"HI 



4.5 x 10~ 



(19) 



12 For reference, the molecular hydrogen abundance from the 
CO survey of Keres et al. (2003) is Qg"* ~ (1.6 ± 0.6) X 10~ 4 . 



Our result shows that Mg n absorbers add about a third 
of the neutral hydrogen amount in galactic discs and bear 
a fourth of neutral hydrogen amount in the Universe. 

6. SUMMARY AND IMPLICATIONS 

Large quasar samples, aided with precision photome- 
try, have enabled us to study the dust content of Mg n 
absorbers over a broad redshift range. In addition the 
combination of high-redshift systems and UV observa- 
tions allows us to study the short-wavelength extinction 
properties of their dust grains, all the way to the Lyman 
edge. 

With minimum assumptions we have estimated the 
cosmic density of dust borne by Mgll clouds. At low 
redshift it amounts to 



fi duB t(MgII)w 2.3x10" 



(20) 



This is comparable to the amount of dust in galactic 
disks: nf^ t « 3 - 4 x 10~ 6 (Fukugita & Peebles 2004, 
Driver et al. 2007). 

Fukugita (2011) estimated the total amount of dust 
produced in the Universe to be 

^dult- 0-003 (ft Bta r) x 0.6 (fraction shed) 

x 0.02 (metallicity) x 0.3 (fraction condensed) 
wlx 10~ 5 . (21) 

This implies that the amount of dust expelled from galax- 
ies is about fidust (expelled) ~ 6 x 10 -6 . Mgll absorbers 
therefore carry about 1/3 to 1/2 of the total amount of 
dust expelled by galaxies. 

The ratio of the abundances 

^dust (Mg II) /fWst (expelled) indicates that the gas 



responsible for Mgn absorption should have integrated 
dust for the corresponding fraction of the cosmic age: 
Mgn clouds should have persisted for a time scale of 
order several Gyr. The overall gas distribution does not 
disperse too quickly and lasts effectively for a significant 
fraction of the cosmic age. The gas distribution traced 
by Mgn absorbers should have received dust produced 
in nearby galaxies and integrated it at least for a few 
Gyr period. 

In the present study we measured the shape of the ex- 
tinction curve from 900 A, at which the absorption of 
Lyman edge contributes predominantly, to longer wave- 
lengths where the opacity is characterized by dust ex- 
tinction. The presence of metal absorption lines such as 
Mg II and Fe n is indicated in the broad-band brightness 
changes due to the presence of absorbers. Larger samples 
would allow detections of Lyman lines and additional UV 
metal lines in photometric observations. 

We also estimated the hydrogen mass density borne 
by Mgn cloud to be Qhi ~ 1.5 x 10~ 4 . This means 
that the dust-to-hydrogen mass density is of the order of 
1/100, which is similar to the fraction for normal galax- 
ies, indicating that Mgn clouds, thought to be devoid 
of stars and hence have no sources of dust, cannot be 
aggregates of pristine gas, but are a secondary product 
from the activity of galaxies. This supports their out- 
flow^ i _ojlghi J _wdii^wBS indicate galax- 
ies ()Norman et al.lll996HBond et al.ll2001[ ) and the over- 
all redshift dependence of star formation (Menard et al. 
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l2011tlMateiek fc Simcoell2012l ). Our effective lifetime es- 
timate of the clouds, inferred from the abundance con- 
sideration, indicates that such clouds are not ephemeral 
but last for a long time, consistent with the fact known 
from early times that Mg II absorbers are not only associ- 
ated with star bursting galaxies but also with galaxies of 
any morphological types, irrespective of on-going star - 
forming activity (Steidel, Dickinson, fe Pcrs sonl [199^ . 
Wherever stars exist, there was bursting phases in the 
past, and the cloud can integrate outflows. 

The neutral hydrogen abundance in Mg n clouds is 5% 
of the mass density of stars in galaxies, or 10% of gas 
shed by stars during evolution in the cosmic time, assum- 
ing the Chabrier initial mass function (Fukugita 2011). 
For some actively star-forming galaxy samples it is ob- 
served that a significant fraction of, sometimes as much 
as, the star-forming mass is outflowed (e.g., Heckman et 
al. 2000; Pettini et al. 2002; Veilleux et al. 2005; Rupke 
et al. 2005; Weiner et al. 2009). Our estimate of the neu- 
tral hydrogen abundance in Mg n absorbers also supports 
these observations of outflows. The present analysis is an 
example of the use of dust as a tracer of mass transac- 
tions in the universe with the implication that can be 
derived by tracing the fate of dust. 
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